A ging of the society has increased during the last decades. As a consequence, degenerative cervical disorders are frequently surgically treated. Anterior cervical decompression and fusion (ACDF) ABBREVIATIONS: ACDF, anterior cervical decompression and fusion; ASD, adjacent segment degeneration; MRI, magnetic resonance imaging; sASD, symptomatic adjacent segment degeneration; SDI, segmental degeneration index is an accepted procedure for this treatment. Long-term follow-up studies have demonstrated clinical success rates of 84.2% to 86.4% after ACDF. 1, 2 Although there is no proof that ACDF is superior to discectomy without fusion, surgeons around the world tend to perform ACDF because of a lower postoperative kyphosis rate. Despite the high acceptance of ACDF, it is associated with several disadvantages. One of those is the acceleration of adjacent segment degeneration (ASD). ASD might become a symptomatic condition that requires repeat surgery (sASD). Following this awareness, several studies have reported data on radiographic outcome after anterior cervical fusion.
The literature presents 2 different opinions on the development of ASD. One supports the hypothesis that ASD is the result of a physiological process of degeneration. [2] [3] [4] Other authors believe that fusion increases the stress and strain at the 2 adjacent segments and thereby accelerate segmental degeneration. [5] [6] [7] [8] The prevalence of ASD using radiographic images has been reported to have a wide range, ie, from 18% to 96%. 9, 10 However, magnetic resonance imaging (MRI) is a more sensitive technique to evaluate the grade of disc degeneration. 11, 12 Until today, studies that have assessed ASD via MRI in long-term follow-up are rare and, to the best of the authors' knowledge, currently there is no study with follow-up of more than 15 yr. It is unknown whether accelerated degeneration of the adjacent segments will stop at a certain time after ACDF. Further, it is unknown whether or not the degeneration of the adjoining segment will reach the level of the adjacent segment over time.
The present study is unique and presents 2 important aspects. This is the first study that assessed the grade of degeneration of the 2 segments that are located cranial and caudal to the fused level (adjacent segments) using an MRI with a follow-up of 27 yr. Secondly, this study assessed and compared the grade of degeneration of the first and second segments, which are located cranial to the cranial adjacent segment (cranial adjoining segments) and located caudal to the caudal adjacent segment (caudal adjoining segments).
The purpose of this study is to evaluate whether physiological aging of the adjoining segments would overcome the degeneration of the adjacent segments after ACDF in a long-term follow-up.
METHODS
We retrospectively reviewed all consecutive files of patients who had undergone a de novo 1-or 2-level ACDF for a minimum of 18 yr and a maximum of 45 yr previously at our neurosurgical department. Inclusion criteria were patients who underwent ACDF without adding a cervical plate for degenerative disorders with documentation of preoperative neurological status, a detailed operation report of the initial ACDF and repeat procedures, the postoperative process during hospitalization, the postoperative neurological status, and full contact detail. All patients who did not fulfill the inclusion criteria were excluded.
Out of 451 patient files, 212 patients fulfilled inclusion criteria and 239 patients were excluded because the initial diagnosis was trauma or tumor, or incomplete clinical documents, or incomplete contact details. We were able to successfully contact 198 patients via the telephone (93.4%). Ninety-five patients participated in the study (48.0%) and 60 patients agreed to visit our department for a personal follow-up examination and an MRI scan of the cervical spine (63.2%). An MRI scan of the cervical spine was performed in 59 participants by the Department of Neuroradiology. In 1 case, an MRI scan could not be performed due to cochlea implant. The study was approved by the local ethical committee, and informed consent from all patients was obtained.
Surgical Technique of Initial ACDF
In all cases, a transverse skin incision was performed, and a combination of sharp and blunt dissection was used to identify the prevertebral fascia. The presumptive segment was identified using either a needle or a dissector with a blunt tip. A complete discectomy and decompression of both nerve roots were performed. An autologous iliac crest graft was harvest and tapped gently into position in each disc space. Before closure of the wound, the position of the graft was confirmed fluoroscopically.
MRI Protocol
A 3.0 Tesla MRI was used for all participants (Siemens Magnetom Skyra, Erlangen, Germany). The protocol for each scan consisted of T1 sagittal images (TR 833 ms; TE 12 ms; flip angle 150
• ), T2 sagittal images (TR 5110 ms; TE 96 ms; flip angle 150
• ), T1 axial images (TR 530 ms; TE 9 ms; flip angle 150
• ), T2 axial images (TR 5740 ms; TE 92 ms; flip angle 150
• ), and sagittal T2-SPACE images (TE 1600 ms; TR 232 ms; flip angle 100
• ).
Evaluation of MRI
The MRI imaging was independently reviewed using the Centricity PACS-system (General Electric Healthcare, Chalfont St Giles, United Kingdom) by an experienced neurosurgeon and a neuroradiologist. No information about the patients' history was given.
The reviewers assessed the 2 segments that were located cranial and caudal to the fused level. These 2 segments were defined as cranial and caudal adjacent segment (see Figure 1) .
Further, the reviewers assessed the 2 segments that were located cranial to the cranial adjacent segment and caudal to the caudal adjacent segment. These segments were defined as first and second cranial and caudal adjoining segments (see Figure 1) . Depending on the location of the initial fusion, 2 adjacent segments (1 cranial and 1 caudal) and 4 adjoining segments (2 cranial and 2 caudal) were assessed.
For MRI assessment of each segment, the authors used a modified 5-step grading system that was designed by Matsumoto et al 13 (see Table 1 ). A T2-weighted sequence was used to determine the segmental degeneration on behalf of 5 categories specific for the segment (see Figures 1  and 2 ). For each category, points were given depending on the grade of degeneration.
The total score for each segment ranged from 0 to 8 points. If 1 category could not be evaluated with absolute certainty, the authors did not assess this specific category and the maximum of possible points were downgraded according to the maximum points of this specific category.
For better comparison of the degeneration, a segmental degeneration index (SDI) was created for each segment. The SDI was assessed as follows: the total of determined points according to the 5-step grading system divided by the maximum of possible points. The SDI might range from .0 to 1.0.
An SDI of .0 describes a segment without signs of degeneration, whereas an SDI of 1.0 describes a segment that shows the most distinct signs of degeneration according to the 5-step grading system.
The authors defined an SDI of <.333 as mild, an SDI of .334 to .667 as moderate and an SDI of >.667 as severe. If there was a disagreement between the raters concerning the grade of segmental degeneration, consensus was reached by evaluating the grade together again.
The intervertebral disc height of each segment was defined as the mean of anterior, middle, and posterior disc height (see Figure 1 ). The mean value was assigned in cases of disagreement between the radiographic data. The SDI and the disc height of adjacent and adjoining segments were compared to each other. For comparison, the SDI of each segment was subtracted from one another. The frequency of positive and negative actual difference was compared to each other.
Data Analysis
SPSS software version 23 was used for statistical analysis (IBM, Armonk, New York). A P-value <.05 was considered to be statistically significant. A t-test, Wilcoxon test, and Mann-Whitney U-test were used to compare the index and the mean disc height of adjacent to the adjoining segments.
RESULTS

Patient Demographics
Fifty-nine patients participated in this evaluation. The patients' mean age at time of ACDF was 42 yr (range: 26-56 yr). At mean follow-up of 27 yr (range: 18-45 yr), the mean age was 70 yr (range: 51-79 yr). The basic surgical technique was identical in every case. A standard Smith-Robinson approach was performed with autologous iliac crest graft without adding of a cervical plate. A compilation of patient characteristics at follow-up is shown in Table 2 . The result of the personal examination of these 59 patients was previously reported by Burkhardt et al. 
Patients With Repeat Procedure
Twelve patients underwent repeat surgery for degenerative changes. The period from initial ACDF to repeat procedure varied from 1 to 27 yr. In all cases, repeat procedure was performed via an anterior approach. One patient had a third procedure 3 yr after repeat procedure and 11 yr after initial ACDF. Ten among those 12 repeat procedures were caused by sASD. In 4 of those 10 procedures, an ACDF was performed, and in 6 of those 10 Disc material confined within the posterior margin of the VB 0 Disc material protruding beyond the posterior margin of the VB without compression 1 Beyond the VB with cord compression 2 Anterior disc protrusion Disc material confined within the anterior margin of the VB 0 Disc material protruding beyond the anterior margin of the VB 1 Narrowing of disc space 0%-25% difference of disc height narrowing between the adjacent segment compared to the median disc height of nonadjacent segment 0 25%-50% difference of disc height narrowing between the adjacent segment compared to the median disc height of nonadjacent segment 1 >50% difference of disc height narrowing between the adjacent segment compared to the median disc height of the nonadjacent segment 
FIGURE 2. Foraminal stenosis measurements. A, T2-weighted sagittal and axial image of C4-5 with foraminal stenosis (1 point). B, T2-weighted sagittal and axial image of C7-Th1 without foraminal stenosis (0 point).
repeat procedures, an ACDF with an autologous iliac crest with adding of a Caspar plate (ACDF+PS) was performed. In 2 cases, an ACDF+PS was performed at the cranial adjacent segment (1-level procedure), in 2 cases an ACDF+PS was performed at the cranial adjacent and the first cranial adjoining segment (2-level procedure), and in 2 cases an ACDF+PS was performed at the caudal adjacent segment (1-level repeat procedure). In 1 case each, an ACDF+PS (1-level repeat procedure) and an ADR was performed at the first cranial adjoining segment. A detailed compilation of all operated segments at initial ACDF and repeat procedures is shown in Table 3 .
Identification of the Affected Segment
The following data are based on the operative reports, which were reviewed thoroughly. In 33 cases, the affected segment was identified using lateral fluoroscopy and a dissector or retractor with a blunt tip, the disc was not punctured via the dissector or retractor. In 26 cases, the presumptive segments were identified using lateral fluoroscopy and a needle. The correct disc was punctured in 21 cases, and the wrong disc was punctured in 5 cases (ie, in 4 cases, the cranial adjacent disc, in 1 case, the caudal adjacent disc). None of the patients in whom the wrong segment was punctured via a needle had to undergo a repeat procedure at the falsely punctured segment. In all repeat procedures, the affected adjacent or adjoining segment was located using the lateral fluoroscopy and a retractor. In none of these repeat procedures, a needle was used for identification.
SDI and Disc Height Measurement
The frequencies of positive findings of the 5-step grading system are shown in Table 4 .
A compilation of frequency of all SDI according to location of the segment is shown in Table 5 . The disc height measures are shown in Figure 3 .
Comparison of SDI and Disc Height
The SDI and disc height of cranial and caudal adjacent segments, first and second cranial and caudal adjoining segments were compared to each. A compilation of comparison for SDI is shown in Table 6 , and a compilation of comparison for disc height is shown in Table 7 .
DISCUSSION
The development of degenerative changes at the cervical spine is a physiological process. Boden et al 14 evaluated the MRI scans of 63 asymptomatic volunteer and reported that volunteers over 40 yr of age had significantly more degenerative findings compared to volunteers under the age of 40. Also, Matsumoto et al 15 reported that the frequency of degenerative findings on MRI of asymptomatic volunteers will increase with aging and that over 85% of asymptomatic volunteers over 60 yr of age had loss of signal intensity (grade 1 and grade 2) and about 25% of volunteers over 60 yr of age had posterior disc protrusion.
The SDI is based on the 5-step grading system of Matsumoto et al, 13, 15 which has good interobserver agreement. However, the authors want to state that the SDI as an outcome measurement is not validated yet.
The acceleration of ASD was first noticed after lumbar spinal fusion procedures. 16 Since then, many studies have analyzed the clinical and radiographic outcome after ACDF. Gore et al 17 evaluated the pre-and postoperative radiographs of 121 patients who underwent ACDF with a mean follow-up of 5 ± 3 yr. They reported a prevalence of 25.6% for ASD. In a 21-yr follow-up series, Gore et al 10 reported a postoperative prevalence of 32.0% for ASD. Goffin et al, 5 however, reported a 92.0% rate of ASD at the superior and/or inferior adjacent disc levels in a considerably shorter follow-up of over 5 yr. In these earlier studies, lateral radiographs were taken to assess the degeneration.
It has to be noted that radiographs are limited in their ability to assess the degeneration of the disc itself. Since the late 1990s, MRI is frequently used in diagnostics, and it is the most sensitive technique in order to evaluate degeneration of the disc. However, there are only a small number of studies available in the literature that used an MRI to assess ASD after ACDF with a follow-up of at least 5 yr. 4, 15, 18 To our knowledge, the present study is the first using an MRI to assess the grade of degeneration of both adjacent and adjoining segment after ACDF with a mean follow-up of 27 yr' follow-up. Further, it is the first comparing the adjacent to the adjoining segments.
The data of the present study demonstrate that the adjacent segments have a higher SDI and lower disc height than the adjoining segment. This shows that the physiological process of degeneration does not overcome the accelerated degeneration of the adjacent segment, not even after more than 18 to 45 yr.
Further, ACDF seems to increase the stress on the cranial adjacent segment more than on the caudal adjacent segment. Similar findings concerning the progression of decrease of signal intensity and progression of posterior disc protrusion at the adjacent segment have been reported by Matsumoto et al. 15 Recently, it has been reported that the addition of a cervical plate tends to increase adjacent segmental motion and decrease adjacent segmental disc height. 19 Further, it has been reported that the plate to adjacent segment disc space distance has influence on the adjacent segment ossification. 20, 21 At last, it has been reported that the risk of developing degenerative changes at the adjacent segment is 3 times higher in case of a falsely punctured cervical disc. 22 Therefore, the authors want to state that the grade of degeneration of 5 cranial adjacent segments and of 2 caudal adjacent segments might have been influenced due to adding of a Caspar plate at repeat procedure. Further, the authors want to state that the grade of degeneration of 4 cranial and 1 caudal adjacent segments might have been influenced by faulty puncture via a needle during identification of the affected segment.
Interestingly, ACDF also had an effect on the degeneration of both adjacent and adjoining segments in patients who underwent repeat procedure at the cervical spine. The SDI and the disc height of cranial adjacent segments were significantly higher in patients who underwent repeat procedure compared to patients without repeat procedure. A possible explanation for this finding is that genetic predisposition and environmental factors are believed to influence the degeneration of intervertebral disc. 23 As a consequence of this theory, the adjoining segments should also show signs of progressive degeneration. In the present study, the cranial and caudal adjoining segments had higher SDI but the difference was not significant. Therefore, the authors believe that findings of the present study only prove this theory concerning the adjacent segments but fail to prove this theory concerning the adjoining segments, entirely. There is no doubt that degeneration will progress over time. In a 10-yr follow-up study of Matsumoto et al, 15 a higher rate of degenerative progression of posterior disc protrusion, a decrease in signal intensity of the intervertebral discs, disc space narrowing, and foraminal stenosis were observed in patients following ACDF compared to asymptomatic volunteers.
Significant differences were reported for posterior disc protrusion and decrease of signal intensity. 15 Additionally, by comparing the degenerative findings of our patients to degenerative findings of asymptomatic patients who did not had ACDF, 13 many interesting aspects of different frequency of degeneration can be observed.
In the present study, 98% of adjacent segments showed a decrease of signal intensity, 98% of adjacent segments showed posterior disc protrusion, 73% of cranial and 46% of caudal adjacent segments showed an anterior disc protrusion, 42% of cranial and 28% of caudal adjacent segment showed signs of disc space narrowing, and 88% of cranial and 75% of caudal adjacent segments showed signs of foraminal stenosis (see Table 4 ).
By comparing the aforementioned frequencies to the findings of Matsumoto et al, 13 ,15 the rate of decreased signal intensity is almost identical, the rate of posterior disc protrusion is about 4 times higher, the rate of anterior disc protrusion is about 2.5 to 4 times higher, the rate of disc space narrowing is about 1.5 to 2.3 times higher, and the rate of foraminal stenosis is about 4 to 6 times higher in the present study. This strongly demonstrates that patients who undergo ACDF will have advanced progression of degeneration.
Recently, Sasso et al 24 reported results of the first 10-yr followup study that compared ADR to ACDF. The reoperation rate was in favor of the group treated with ADR (ie, 9% vs 32%) but not statistically significant. 24 Other studies with a shorter followup have reported similar results regarding the reoperation rate in favor of ADR. [25] [26] [27] [28] The presumed benefit of ADR over ACDF is maintaining motion in the operated segment and therefore reducing the stress and strain on the adjacent segment. According to the reoperation rate, ADR seems to be superior to ACDF but unfortunately no information about the functionality of the ADR was reported by Sasso et al. 24 The authors are curious about a radiographic and MRI assessment of ADR regarding functionality and the development of adjacent and adjoining segment degeneration with a more than 20-yr follow-up.
Limitations
The limitation of this study is its retrospective design. At the time of initial ACDF in the present cohort, MRI scan was not frequently used, and its technology was poor. Furthermore, in Germany, by law, imaging data have to be filed for maximum 10 yr.
To really prove the effect of ACDF on the progression of ASD and the development of sASD, a randomized, controlled, prospective, long-term follow-up study of patients with symptomatic degenerative disc disease, dividing them in an ACDF group and a conservative observational control group, would be necessary. The study design, ethical concerns, and the fact of a long-term follow-up limit the feasibility of this study.
The fact that degeneration is more progressive in patients who underwent repeat procedure should be further investigated by spinal researchers.
CONCLUSION
The findings of the present study prove that ACDF has a major influence on the acceleration of ASD. Adjoining segments do not have the same degree of degeneration. Patients who underwent repeat procedures have an even higher degree of degeneration.
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